abstract The goal of the experiments described here was to explore the possible role of fixed charges in determining the conduction properties of CFTR. We focused on transmembrane segment 6 (TM6) which contains four basic residues (R334, K335, R347, and R352) that would be predicted, on the basis of their positions in the primary structure, to span TM6 from near the extracellular (R334, K335) to near the intracellular (R347, R352) end. Cysteines substituted at positions 334 and 335 were readily accessible to thiol reagents, whereas those at positions 347 and 352 were either not accessible or lacked significant functional consequences when modified. The charge at positions 334 and 335 was an important determinant of CFTR channel function. Charge changes at position 334-brought about by covalent modification of engineered cysteine residues, pH titration of cysteine and histidine residues, and amino acid substitution-produced similar effects on macroscopic conductance and the shape of the I-V plot. The effect of charge changes at position 334 on conduction properties could be described by electrodiffusion or rate-theory models in which the charge on this residue lies in an external vestibule of the pore where it functions to increase the concentration of Cl adjacent to the rate-limiting portion of the conduction path. Covalent modification of R334C CFTR increased single-channel conductance determined in detached patches, but did not alter open probability. The results are consistent with the hypothesis that in wild-type CFTR, R334 occupies a position where its charge can influence the distribution of anions near the mouth of the pore.
I N T R O D U C T I O N
The proposed topology of the CFTR includes 12 transmembrane spanning segments (TMs),* and it is generally agreed that some or all of these must contribute to the formation of an anion-selective pore (Riordan et al., 1989; Dawson et al., 1999; McCarty, 2000) . Mutations in the TMs influence the conduction properties of CFTR (Anderson et al., 1991; Tabcharani et al., 1993; McDonough et al., 1994; Linsdell et al., 1998 Linsdell et al., , 2000 Mansoura et al., 1998; Guinamard and Akabas, 1999; Zhang et al., 2000a,b; McCarty and Zhang, 2001) , and cysteines substituted into some of the TMs have been reported to be accessible to externally applied thiol reagents (Akabas et al., 1994; Cheung and Akabas, 1996; Akabas, 1998) , but the molecular determinants of anion conduction have not been identified.
We recently proposed that the lyotropic anion selectivity sequence that is characteristic of CFTR could be explained by a relatively simple model that envisions the pore as a dielectric tunnel into which halides and pseudohalides partition from water, as expected from their effective radii. This model provides a physical interpretation of relative anion permeability and relative anion binding, but does not address the molecular basis of pore conductance. Herein, we present evidence that one of the important determinants of pore conductance is charged residues that reside in or near the pore.
We chose transmembrane segment 6 (TM6) for initial study because it has been implicated by a number of laboratories (Anderson et al., 1991; Sheppard et al., 1993; Tabcharani et al., 1993; McDonough et al., 1994; Mansoura et al., 1998) as being a critical determinant of CFTR conduction properties, and because it contains four basic residues that span TM6 from the predicted extracellular end (R334 and K335) to the predicted cytoplasmic end (R347 and R352), so that based on the electrostatic considerations alone, it seemed likely to play an important role in anion conduction. The experimental strategy was based on comparison of Electrophysiology Individual oocytes were continuously perfused (4 ml/min) at room temperature with an amphibian Ringer's solution containing the following (in mM): 98 NaCl, 2 KCl, 1.8 CaCl 2 , 1 MgCl 2 , and 5 HEPES, pH 7.5. For those experiments in which the bath pH was modified, HEPES was replaced with either MES (for pH 6.5 or less) or TAPS (pH 8 or greater). The different buffers produced no discernible differences in the electrical behavior of wt CFTR. Oocytes were impaled with two microelectrodes with tips pulled (Sutter Instrument Co.) to yield a resistance of 0.5-1.5 M ⍀ when filled with 3 M KCl. Two reference electrodes were used in a current monitor/bath clamp configuration so that the bath was always clamped to 0 mV (model TEV 200; Dagan Corp.) . The open circuit membrane potential was continuously monitored on a strip chart recorder (Kipp and Zonen), and periodically V m was clamped and, using a computer driven protocol (pClamp; Axon Instruments, Inc.), ramped from Ϫ 120 to ϩ 60 mV at a rate of 100 mV/s for most analyses. For ramp data, a correction for the capacitive current was estimated by comparing the current at the holding potential to the same potential within the ramp, and the difference was subtracted from the entire event. A step protocol (from Ϫ 120 to ϩ 60 mV in 20-mV steps, 200-500 ms/step) was also used to check for time-dependent currents. The membrane conductance was calculated from either the slope conductance over a 20-mV range around the reversal potential (E rev ), or from the chord conductance at various voltages. The data were analyzed using Clampfit (Axon Instruments, Inc.), Excel (Microsoft) and Sigmaplot (SPSS). Statistics were calculated using SigmaStat (SPSS) After the oocyte recovered from impalement, CFTR was activated by adding a cocktail containing 10 M forskolin and 1 mM 3-isobutyl-methylxanthine (IBMX; RBI) to the perfusate. Alternatively, when CFTR was coexpressed with the ␤ -adrenergic receptor, isoproterenol (1-10 M) and IBMX (1 mM) were used for activation. The ␤ -adrenergic receptor has a number of endogenous cysteine residues that might be attacked by thiol reagents (Kobilka et al., 1987; Fraser, 1989; Javitch et al., 1997) . We confirmed that the effects of thiol modification were similar in experiments with and without coexpression of the receptor. In addition, Javitch et al. (1997) showed that 2-(aminoethyl) methanethiosulfonate ( MTSEA) had no effect on the binding of agonist or antagonist to wild-type ␤ 2 -adrenergic receptor expressed in HEK 293 cells. Rectification ratios were determined from the quotient of the slope conductance measured at ϩ 25 mV with respect to the reversal potential divided by the slope conductance measured at Ϫ 25 mV with respect to the reversal potential.
Single-channel Recording
Single CFTR channels were studied in excised, inside-out patches at room temperature. Because preliminary experiments suggested that the single-channel conductance of unmodified R334C was much reduced from that seen with wt CFTR, we used symmetric bathing solutions containing Ͼ 200 mM Cl for these studies. Oocytes were prepared for study by shrinking in hypertonic solution (in mM: 200 monopotassium aspartate, 20 KCl, 1 MgCl 2 , 10 EGTA, and 10 HEPES-KOH, pH 7.2) followed by manual removal of the vitelline membrane. Pipettes were pulled in four stages from borosilicate glass (Sutter Instrument Co.), and had resistances averaging ‫ف‬ 10 M ⍀ when filled with pipette solution (in mM: 200 NMDG-Cl, 5 MgCl 2 , and 10 TES, adjusted to pH 7.4 with Tris). Typical seal resistances were in the range of 200 G ⍀ . Channels were either activated on-cell with isoproterenol before excising into intracellular solution (200 NMDG-Cl, 1.1 MgCl 2 , 2 Tris-EGTA, 1 MgATP, 10 TES, pH 7.3, and 50 U/ml PKA; Promega), or were activated by PKA after excision. Patch currents were measured with an amplifier (model AI2120; Axon Instruments, Inc.), and were recorded at 10 kHz on DAT tape (model DTC-790; Sony). For subsequent analysis, records were filtered at 100 Hz (4-pole Bessel filter; Warner Instruments) and acquired by the computer at 400 Hz using the Fetchex program of pClamp (Axon Instruments, Inc.). Fetchan and pSTAT were used to calculate open probability (P o ) at a membrane potential of Ϫ 100 mV, where transitions were more easily distinguished, using records lasting between 36 and 113 s. Open and closed current levels were first identified manually, and then transition analysis using a 50% cut-off between open and closed levels was used. Only records from patches with low noise, and in which channel number could be clearly discerned, were used for this analysis. In most cases, channel activity before and after [2-(trimethylammonium)ethyl] methanethiosulfonate ( MTSET) treatment was recorded from different oocytes. All but one record had two active channels in the patch; P o values are presented for the first open level. The presence of multiple channels introduces error into the calculation of P o , but this should have equal impact upon patches assayed before and after MTSET. Because the single-channel conductance of R334C CFTR before modification by MTSET was very small, we could not rely upon amplitude histograms for reliable estimation of channel amplitudes at varying membrane potentials. Instead, current amplitudes at several membrane potentials were measured manually using the Clampfit program for both pre-and postmodification records. Single-channel conductance was determined by linear regression. In a second set of experiments, MTSET was added to the patch pipette before seal formation and allowed to diffuse to the tip after seal formation, so that modification of R334C CFTR channels by MTSET could be monitored in real time. For this set of experiments, only patches containing a single-channel with low P o were included in the analysis. To improve our ability to resolve single-channel currents, we used a Cl gradient such that the bath solution contained 300 mM NMDG-Cl and the pipette contained 30 mM NMDG-Cl and 270 NMDG-aspartate. The pipette was backfilled with the low Cl solution containing 100 M MT-SET. P o was calculated as before.
Modeling and Curve Fitting
Two types of models were used to interpret the impact of charge changes at position 334 on anion conduction. In both the pore was viewed as comprising a rate-limiting central region flanked by "vestibule(s)" (Dani, 1986; Green and Andersen, 1991) , where the electrical potential created by charged groups can influence local anion distribution. In one model, the properties of the ratelimiting region were described using a constant field, electrodiffusion model (Goldman, 1943) modified to incorporate charged inner and outer vestibules. The model was fitted to the data using the curve-fitting routines contained in SigmaPlot (SPSS). In the second model, the rate-limiting region was described using a 4-barrier, 3-well rate-theory scheme incorporating a variable surface potential in the outer vestibule. I-V plots were simulated using a program developed by Dr. Ted Begenisich (Begenisich and Cahalan, 1980,) and curves were fitted to the data by eye.
The apparent pKa's for the titration-dependent changes in conductance with the histidine and cysteine substituted R334 variants were determined by assuming that the increase in charge was determined by the abundance of the protonated form of the histidine or cysteine and fitting the Henderson-Hasselbach equation to the data as follows:
(1) where %g is the percent increase in conductance with respect to that measured in the most basic solution used in a particular experiment (typically pH 9-10). pH is the bath pH determined from repeated measures with at least two different electrodes, %g max is the maximum change in conductance that would be observed if the site were fully protonated (determined from the regression), and pKa is the apparent pKa determined from the regression.
Reagents
The following thiol-specific modifying reagents were used in these studies: MTSEA, MTSET, 2-sulfonatoethyl methanethiosulfonate (MTSES), 2-hydroxyethyl methanethiosulfonate (MTSHE), and N -ethylmaleimide (NEM). Structures for these reagents are shown in Fig. 1 . All MTS reagents were purchased from Toronto Research Chemicals Inc. For concentrations Ͼ 1 mM, they were directly suspended immediately before use; however, for concentrations Ͻ 1 mM, the reagent was first suspended in deionized water, aliquoted and frozen at Ϫ 20 Њ C and thawed and diluted immediately before use. The reducing agent dithiothreitol was purchased from Molecular Probes. 2-Mercaptoethanol (2-ME) and all other reagents were purchased from Sigma-Aldrich.
R E S U L T S

Bath-applied MTS Reagents Did Not Alter the Functional Properties of wt CFTR
The CFTR constructs used in these studies contain 18 endogenous cysteines, four of which are located in the %g %g max 1 e 2.303 pH pKa putative transmembrane segments (C128, C225, C343, and C866). Hence, it was important to determine if any of the modifying reagents produced alterations in the channel function of wt CFTR. Fig. 2 contains the results of a representative experiment for which total membrane conductance (@E rev ) of an oocyte expressing wt CFTR is plotted versus time. After the conductance achieved steady-state activation during exposure to a stimulating cocktail containing 10 M forskolin and 1 mM IBMX, the oocyte was exposed to 1 mM 2-ME, followed by a 10-min wash, then a 3-min exposure to 1 mM MTSET, followed by a 10-min wash and exposure to 2-ME for 12 min, followed by another 10-min wash. A similar protocol was used to expose the oocyte to MTSEA and MTSES. The experiments were repeated with each of the compounds individually, both with and without prior exposure to 2-ME. It can be seen that neither the 2-ME nor any of the MTS reagents produced any significant change in the conductive properties of wt CFTR. On occasion, a slight increase ( Ͻ 5%) in conductance was elicited with applications of MTSEA in concentrations of 1 mM or greater, but not with concentrations of 100 M or less.
Although not shown here, we also tested oocytes expressing wt CFTR for an impact of reagents on the response to step changes in clamping potential and for changes in I-V shape and found no discernible effects of MTSES and MTSET (even when they were used in millimolar concentrations) on Cl conductance. It must be emphasized that this does not mean that the endogenous cysteines were not being modified, only that modification, if it occurred, did not result in an alteration of function that was discernible in this experimental setting. A similar lack of functional effects of MTS reagents on wt CFTR was reported by Cheung and Akabas (1996) . Fig. 3 summarizes the results of experiments in which MTSES, MTSET, or MTSEA (100 M-10 mM) were added to the solution bathing oocytes expressing wt, R334C, K335C, R347C, or R352C CFTR. Plotted is the percent change in conductance (@E rev ) before and after a 1-3-min exposure to MTS reagents applied after steadystate activation was achieved. The data were derived from experiments such as those shown in Figs. 2-6 and 8.
The Function of R334C and K335C CFTR Was Modified by External MTSES or MTSET but the Function of R347C and R352C CFTR Was Not Modified by these Polar Thiol Reagents
For both R334C and K335C CFTR, the results of modification by the negatively charged reagent (MT-SES) generally agreed with those reported by Cheung and Akabas (1996) . For R334C CFTR, they reported ‫ف‬ 40% decrease in the normalized current (@ -100 mV) and we observed ‫ف‬ 70% decrease in the conductance (@E rev ). For K335C, they reported ‫ف‬ 13% decrease in the normalized current (@ Ϫ 100 mV) and we observed ‫ف‬ 30% decrease in the conductance (@E rev ).
In the case of the positively charged reagents (MTSET and MTSEA), we obtained distinctly different results. Cheung and Akabas (1996) reported that application of 1 mM MTSET to oocytes expressing R334C CFTR reduced the normalized current (@ Ϫ 100mV) by ‫ف‬ 54%, and 2.5 mM MTSEA reduced the normalized current by ‫ف‬ 35%. In contrast, we found that the application of 100 M or 1 mM MTSET to oocytes expressing R334C CFTR resulted in ‫ف‬ 110% increase in the conductance, whereas 100 M or 1 mM MTSEA increased the conductance by ‫ف‬ 70%. For K335C CFTR, Cheung and Akabas (1996) reported that the application of 2.5 mM MT-SEA resulted in ‫ف‬ 20% decrease in the normalized current (@ Ϫ 100 mV), whereas we observed ‫ف‬ 20% increase in the conductance (@E rev ). Thus, the two stud- Conductance (@E rev ) is plotted versus time. After CFTR was activated by the application of 1 mM IBMX and 10 M forskolin (hatched bar; see materials and methods), oocytes were exposed sequentially to 1 mM 2-ME (white bars and circles), 1 mM MTSET, MTSEA, and MTSES (black bars and circles).
ies are in accord as regards accessibility, but differ qualitatively as to the nature of the functional effect.
Shown in Fig. 4 is a representative experiment in which an oocyte expressing R347C CFTR was exposed to MTS reagents. After the oocyte achieved steady-state activation during exposure to stimulating cocktail, it was exposed to 1 mM 2-ME, followed by a 10-min wash, then a 3-min exposure to 1 mM MTSET, followed by a 10-min wash and exposure to 2-ME for 12 min, followed by another 10-min wash. A similar protocol was used to expose the oocyte to MTSEA and MTSES. The experiments were repeated with each of the compounds individually, both with and without prior exposure to 2-ME and in no case were we able to detect an effect on the function of R347C CFTR. Cheung and Akabas (1996) initially reported that there was a ‫%05ف‬ decrease in the normalized current (@ Ϫ100 mV) after exposure of oocytes expressing R347C CFTR to 10 mM MTSES, 1 mM MTSET or 2.5 mM MTSEA. However, in the course of subsequent studies by Cheung and Akabas (1997) , it was discovered that the R347C construct had a substantial deletion. MTSES or MTSET were reported as not reacting with the full-length R347C CFTR, and MTSEA was reported to cause a 19% inhibition. Tabcharani et al. (1993) had identified R347 as a potential pore-lining residue based on the effects of mutations on SCN binding, but Cotten and Welsh (1999) proposed that R347 forms a salt bridge with D924.
In the case of R352C CFTR, our observations also differed substantially from those reported by Akabas (1996, 1997) . They reported that exposing oocytes expressing R352 CFTR to 10 mM MTSES resulted in ‫%03ف‬ decrease in the normalized current (@ Ϫ100 mV), whereas 2.5 mM MTSEA caused ‫%52ف‬ decrease and 1 mM MTSET resulted in ‫%05ف‬ decrease. In contrast, we were not able to detect effects of this magnitude applying either MTSES or MTSET to oocytes expressing R352C CFTR (Fig. 5 A) . Although not apparent in the (A) Application of 1 mM 2-ME, 1 mM MTSET, or 1 mM MTSES produced no discernible change in conductance. 1 mM MTSEA produced a nearly fivefold increase in conductance, which spontaneously reversed when MTSEA was removed from the perfusate. (B) Addition of 1 mM MTSEA produced a sixfold increase in conductance of an oocyte expressing R352C CFTR not previously exposed to MTSET. The effect spontaneously reversed when MTSEA was removed from the perfusate. (C) MT-SEA produced a twofold increase in conductance in an oocyte expressing R352Q CFTR, which spontaneously reversed when MTSEA was removed from the perfusate.
record shown, we have noted small (2-5%) changes in the conductance when these oocytes were exposed to 1 mM MTSET. Changes of this magnitude are also seen in oocytes expressing R352Q or R352H CFTR, but were not seen in oocytes expressing wt CFTR. This result could reflect a labeling event that is without major functional effect in this assay. However, it is unlikely that any effect can be attributed to the cysteine that is substituted for R352 (see next section; Fig. 5, A Fig. 5 B is the result of a representative exper-iment in which an oocyte expressing R352C CFTR was exposed to 1 mM MTSEA; the result being a sixfold increase in conductance. The fact that a response was obtained only with a reagent known to permeate cell membranes (Holmgren et al., 1996) suggested that MTSEA accessed its site of action by entering the oocyte (or plasma membrane). Consistent with such a view, we found that after removing the reagent from the perfusate, the reaction spontaneously reversed over a period of 30 min, as expected if endogenous reducing agents, such as glutathione and free cysteine, were breaking the disulfide bond. In contrast, exposure of an oocyte expressing R334C CFTR to 1 mM MTSEA for 3 min produced an increase in conductance that remained elevated after washing out the reagent until a reducing agent, 1 mM 2-ME, was added to the perfusate (see Fig. 6 A). Importantly, we also obtained a transient response to the application of MTSEA in oocytes expressing R352Q CFTR (Fig. 5 C) or R352H CFTR (unpublished data). This result strongly suggests that MTSEA was reacting with an endogenous cysteine that was rendered either accessible or functionally significant as a result of amino acid substitution for R352. We have not yet identified the endogenous cysteine, however, and cannot exclude the possibility that the cysteine in question was accessible to MTSEA in the absence of substitution at position 352 (i.e., wt CFTR), but that modification was without functional impact. Guinamard and Akabas (1999) reported that substitutions for R352 (C, Q, and H) decreased the Cl Ϫ /Na ϩ selectivity of CFTR as determined in detached patches (CHO cells), but we did not detect any alteration in the reversal potential associated with the expression of R352Q or H CFTR in oocytes. (A) Exposure to 1 mM MT-SET resulted in doubling of the conductance, which remained elevated until the oocyte was exposed to 2-ME. 1 mM MTSEA resulted in an increase in conductance which was ‫%07ف‬ of the increase elicited by MTSET, and was stable until the application of 2-ME. MTSES reduced the conductance to ‫%03ف‬ of the unmodified level. Modification was stable and not readily reversed by the application of 1 mM 2-ME at pH 7.4. (B) Reapplication of MTSET reproduced the effects seen with the first application.
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CFTR: Fixed Charges in the Pore
The Effects of Polar MTS Reagents Applied to R334C and K335C CFTR Were Stable and Readily Reversible with 2-ME, which Is Consistent with the Formation of a Mixed Disulfide Bond
The results of an experiment in which an oocyte expressing R334C CFTR was exposed to multiple MTS reagents and 2-ME are shown in Fig. 6 A. The addition of 1 mM MTSET to the bath resulted in a doubling of the conductance (@E rev ). The conductance remained elevated in the presence of reagent-free solution, and the addition of 2-ME to the bath resulted in a decrease in the conductance to the level seen before MTSET modification. The application of 1 mM MTSEA resulted in an increase in conductance; however, the magnitude was less than the increase seen with MTSET. This result could be a reflection of the difference in the chargebearing moiety associated with MTSET and MTSEA.
The TEA group of MTSET, like other quaternary ammonium compounds, is expected to be fully ionized and quite stable (Solomons and Fryhle, 2000) . The result seen with MTSEA in this experimental setting could reflect less than complete ionization of the primary amine as well as a difference in the geometry of the added charge. Holmgren et al. (1996) reported that whereas MTSET did not permeate lipid membranes, MTSEA was membrane permeant, as if a significant portion of the compound existed in the nonionic form. The pKa of MTSEA is not known, although it has been estimated to be around 8.5 (Karlin and Akabas, 1998) . The difference between MTSET and MTSEA in the experiment shown was not due to the multiple exposure protocol; a second exposure to MTSET reproduced the effects seen with the first (Fig. 6 B) . Currents evoked by stepping the potential from Ϫ100 to ϩ60 mV for 234 ms from an oocyte expressing R334C CFTR after achieving steady-state activation with stimulator y cocktail and after a brief (3 min) exposure to 1 mM 2-ME. (B) Currents from the same oocyte after modification with 100 M MTSET. (C) Currents from the same oocyte after a 12-min exposure to 1 mM 2-ME to reverse the MTSET modification followed by exposure to 100 M MTSES. (D) I-V plots derived from the current traces shown in A-C: (closed circles) unmodified R334C CFTR; (open circles) MTSET modified R334C CFTR; and (closed triangles) MTSES modified R334C. There were readily detectable changes in the conductance and the shape of the I-V relation, but no shift in the reversal potential.
The deposition of a negative charge at R334 (MT-SES) resulted in a decrease in the conductance (Fig. 6 A). The modification with MTSES was poorly reversible with the reducing agent 2-ME at pH 7.4. However, it was possible to reverse the modification of R334 CFTR with negatively charged reagents under alkaline conditions (pH 9.0; unpublished data), which increases the abundance of the thiolate anion (Singh et al., 1995) .
In view of the results obtained with R352C CFTR, we tested for effects of exposure to MTSET and MTSES using constructs bearing substitutions other than cysteine for R334. MTSES, MTSET, or MTSEA (100 M or 1 mM) were added to the perfusate of oocytes expressing R334A or R334Q CFTR and produced no discernible effect on conductance (unpublished data). Only R334C exhibited an altered conductance in response to thiol-reactive reagents, which is consistent with the working hypothesis that the observed changes were due to the chemical modification of the cysteine substituted for R334.
The Modification of R334C and K335C CFTR by MTS Reagents Altered Both the Conductance and the Shape of the Current-Voltage Plot
In the course of these experiments, it became apparent that a change in conductance of oocytes expressing either R334C or K335C CFTR induced by exposure to MTSET or MTSES was always accompanied by a concomitant change in the shape of the I-V plot. Therefore, we conducted a series of experiments in which changes in conductance were compared with changes in I-V shape, quantified as the rectification ratio (RR), where RR was defined as the ratio of the slope conductance calculated 25 mV positive to E rev to that calculated 25 mV negative to E rev (Mansoura et al., 1998) . Shown in Fig. 7 are the results of a representative experiment in which currents were elicited by step changes in clamping potential from Ϫ100 mV to ϩ60 mV for either the unmodified (A), MTSET modified (B), or MTSES modified R334C CFTR (C), and the resulting I-V plots (D). The addition of 100 M MTSET to the perfusate resulted in an increase in the current measured at all potentials. The conductance (@E rev ) increased by 74%, and the shape of the I-V plot went from mild inward rectification (RR ϭ 0.85) in the unmodified state to linear (RR ϭ 1.01) after modification with 100 M MTSET. There was no change in the reversal potential (Ϫ27 mV). The currents elicited after reversal of the MTSET modification by 1 mM 2-ME were indistinguishable from the currents before MTSET modification. The addition of 100 M MTSES to the perfusate resulted in a decrease in the amplitude of the current measured at all potentials. The conductance (@E rev ) decreased by 59% and the inward rectification became more pronounced (RR ϭ 0.77), but there was no change in the reversal potential. The currents in the unmodified and modified states, like the currents elicited from wt CFTR, did not exhibit any time-dependent relaxation, as might be expected if charge addition altered or induced voltage-dependent gating. In addition, measurements using voltage steps (shown here) and voltage ramps (positive and negative; unpublished data) resulted in identical values for RR. Fig. 8 A contains the results of a representative experiment in which the total membrane conductance (@ E rev ) of an oocyte expressing K335C CFTR was measured as a function of time. After achieving steady-state activation, 2-ME (1 mM) was added to the bath and produced a slight increase in conductance. This conductance level was stable during a subsequent 10-min wash with stimulating cocktail alone. Addition of 1 mM MTSET to the bath resulted in an ‫%51ف‬ increase in conductance. The conductance remained elevated during a subsequent 10-min wash with stimulating cocktail alone and a 12-min exposure to 2-ME resulted in a decrease in the conductance to the level seen before MT-SET modification. Addition of 1 mM MTSEA to the bath resulted in an increase in conductance ‫,)%02ف(‬ which remained elevated until 2-ME was added to the bath. In contrast, the addition of 1 mM MTSES, a negatively charged reagent, resulted in ‫%03ف‬ decrease in the conductance and a discernible alteration in the shape of I-V plot from slight outward rectification to modest inward rectification (Fig. 8 C) . In Fig. 8 B, the rectification ratio is plotted versus time for the same oocyte demonstrating that the change in conductance and the change in the shape of I-V plot were highly correlated. As indicated above, modification by MTSES was very poorly reversible with 1 mM 2-ME at pH 7.5, and as with R334C, current relaxations in response to voltage steps were not detected in either the modified or unmodified state. The results of covalent modification were qualitatively similar for K335C and R334C CFTR, but the greater magnitude of the effects for the latter construct led us to focus further studies on modification and substitution at position 334.
Because changes in the shape parameter, RR, emerged as an important component of the response to charge changes, we investigated the possibility that the changes in I-V shape were an artifact of inadequate voltage control or some other effect of increased oocyte conductance (Baumgartner et al., 1999) . As a control for possible series resistance errors that might distort I-V shape or apparent conductance, we compared the change in conductance and RR caused by MTSET in oocytes for which the conductance varied over wide range due either to oocyte-to-oocyte variation in expression or to differential activation of CFTR. Fig. 9 A shows the activated conductance of oocytes expressing R334C CFTR measured just after modification by MT-SET plotted against that measured just before modifi- Figure 8 . Covalent modification of K335C CFTR altered both conductance and shape of the I-V relation. Protocol as in Fig. 2. (A) The oocyte was exposed to 2-ME (white bars) and MTS reagents (black bars). Positively charged reagents (MTSET and MTSEA) increased conductance and were readily reversed by 2-ME. The negatively charged reagent (MTSES) resulted in a ‫%03ف‬ decrease in the conductance and was poorly reversible with 1 mM 2-ME at pH 7.4. (B) The rectification ratio (RR)-quantified as the slope conductance measured at ϩ25 mV with respect to E rev divided by the slope conductance measured at E rev -25 mV-plotted versus time for the same oocyte. RR of unity reflected a linear I-V relation and is noted with a dashed line. RR values greater or less than unity indicate outward and inward rectification, respectively. (C) I-V plots for K335C CFTR before and after application of MTS reagents. (solid line) Before modification; (dotted line) after treatment with MTSET; (dashed line) after treatment with MTSES. There were changes in the conductance and the shape of the current-voltage relation, but no shift in reversal potential.
cation. The dashed line is the least-squares fit to the open circles, which represent oocytes activated by 1 mM IBMX and 10 M isoproterenol. The slope of the line is 2.05 and the intercept is near 0, indicating that over the range of 50-250 S the effect of covalent modification was similar and, at pH 7.4, approximately doubled the conductance due to R334C CFTR. Also shown are several determinations made after activation by 200 M IBMX that yields approximately half-maximal activation of R334C CFTR (Wilkinson et al., 1996; Mansoura et al., 1998) . The effect of MTSET was identical at the reduced level of activation. The third set of points represents the latter set of oocytes after reversing MTSET modification (2-ME), activating with 1 mM IBMX and exposing to MTSET for a second time. It is apparent that the increase in conductance resulting from the second exposure to MTSET was somewhat less than the first. The source of this difference is unclear at present, but may represent the failure of the reducing agent to completely reverse the initial covalent modification of CFTR. Fig. 9 B contains values of RR measured before and after modification plotted versus the conductance corresponding to each state. RR determined either before or after covalent modification did not vary in any systematic way with the conductance of the oocyte, suggesting that the changes in this parameter induced by covalent modification were not an artifact of inadequate voltage control. It can be seen that changes in RR due to MTSET modification at a reduced level of activation (200 M IBMX) were similar to those seen at 1 mM IBMX. Increasing conductance by raising the concentration of IBMX from 200 M to 1 mM did not alter RR.
Covalent Modification of R334C by MTSET Was Detectable as an Increased Single-channel Conductance
The results of experiments in which single-channel currents were recorded before and after R334C CFTR was M isoproterenol, exposed to MTSET and, after reversing MTSET (2-ME), activated again using 1 mM IBMX and reexposed to MTSET. Dashed lines are mean values of RR for modified and unmodified R334C CFTR.
exposed to MTSET are shown in Fig. 10 . The singlechannel conductance of R334C CFTR was quite low ‫2.1ف(‬ pS, Fig. 10 A) even in the presence of elevated bath Cl concentration (210 mM). After exposure to MTSET, the single-channel conductance increased to 3.7 pS (Fig. 10 B) . This result is consistent with the notion that the charge at position 334 is an important determinant of pore conductance. Also shown in the figure are points representing single-channel currents recorded from oocytes expressing wt CFTR that, under the same experimental conditions, exhibited a singlechannel conductance of 8.6 pS and was unaffected by exposure to external MTSET.
The inward rectifying I-V shape characteristic of the macroscopic currents recorded from oocytes expressing unmodified R3334C CFTR was not apparent in single-channel currents recorded from detached patches (Fig. 10 B) . The small size of the single-channel currents and the differences in experimental conditions under which single-channel and macroscopic currents were recorded makes it difficult to interpret this difference, but we cannot exclude the possibility that some intracellular constituent that is not present when patches of membrane are detached contributes to the rectification seen in intact oocytes.
The inset to the I-V plot (Fig. 10 B) shows the distribution of open probabilities calculated for individual R334C CFTR channels recorded from patches detached either before or after exposure to MTSET. The open probabilities for the two groups were overlapping, and statistical analysis indicated that they were not significantly different (P ϭ 0.361). However, in these experiments, comparisons were made using patches detached either from the same or different oocytes before and after exposure to MTSET, so that there was a large variation in gating between patches that was unrelated to covalent modification. As a more rigorous test for possible effects of covalent modification on P o , we monitored the modification of individual R334C CFTR channels using pipettes backfilled with a solution containing 100 M Figure 10 . Covalent modification of R334C increased single-channel conductance. (A) Representative traces from an oocyte expressing R334C CFTR in the detached, inside-out patch configuration, V m ϭ Ϫ80 mV. The top trace was recorded before treatment with MTSET. The bottom trace was recorded from a separate patch on the same oocyte, after a 6-min exposure to 100 M MTSET in the bath before establishing the seal. Channels were activated by the addition of 10 M isoproterenol to the bath, before excising into the intracellular solution (see materials and methods) containing 1 mM MgATP and 50 U/ml PKA catalytic subunit. Bath and pipette solutions contained ‫012ف‬ mM Cl. The patch represented by the top trace contained only one active channel, whereas the lower patch contained two channels. Closed current level is indicated. (B) I-V plot for pooled single channel records (n ϭ 4, pretreatment and n ϭ 3, post-treatment). Standard errors are smaller than the symbols used. The solid lines are the best fit to the data by linear regression and correspond to a single-channel conductance of 1.2 pS for unmodified R334C CFTR (closed triangles) channels and 3.7 pS after MTSET modification (open triangles). MTSET did not alter singlechannel conductance of wt CFTR (8.6 pS, open and closed circles). Inset shows open probability for R334C CFTR channels at V m ϭ Ϫ100 mV before and after treatment with MTSET (see materials and methods). There was no significant change in P o after treatment (P ϭ 0.361, t test).
MTSET. Fig. 11 (A and B) contains a result representative of that obtained in four experiments. Cl Ϫ concentration in the bath was raised to 300 mM and that in the pipette reduced to 30 mM to enhance single-channel resolution. Immediately after detaching the patch into a solution containing PKA and ATP, single channels exhibited the low conductance characteristic of R334C CFTR. Over the course of ‫01ف‬ min, the channel was modified by MTSET diffusing into the tip of the patch pipette, as indicated by the increase in the single-channel amplitude. Modification was not accompanied by any consistent change in P o nor did we observe the appearance of additional channels after the covalent reaction. Fig. 11 C contains the results of four similar experiments confirming the observation that covalent modification did not result in any consistent change in P o . This result is consistent with the notion that the effects of covalent modification were largely, if not exclusively, due to a change in the single-channel conductance, rather than to a change in P o or to a change in the number of channels in the plasma membrane (see Liu et al., 2001 , in this issue). 
pH Titration of R334C CFTR Altered Both the Conductance and the Shape of the Current-Voltage Relation
The thiol moiety associated with a cysteine residue is expected to bear a time-average, partial negative charge, the magnitude of which will depend on the local pH and the pKa of the sulfhydryl group in situ. Thus, the charge associated with the cysteine at position 334 is expected to vary substantially with bath pH, and this offered the possibility of introducing graded changes in the time-average net charge at this site. The results presented in Fig. 12 A bear out this prediction. The conductance and the shape of the I-V relation of oocytes expressing R334C CFTR was highly dependent on the bath pH, exhibiting an apparent pKa of 8.17 Ϯ 0.10 (n ϭ 3; Fig. 12 B) . This trend was consistent with the results obtained with covalent modification, i.e., acidification of the bath, a maneuver expected to decrease the probability of finding the sulfur in the ionized (negatively charged) state, increased conductance and reduced the inward rectification, whereas alkalinization of the bath had the opposite effect.
If the pH-dependent effects seen with R334C CFTR are due to graded changes in the time-averaged, partial negative charge associated the sulfhydryl group at the 334 locus, then the magnitude of the change induced by chemical modification of this locus should be dependent on bath pH. If the local pH is more alkaline than the pKa of the SH group, then the sulfur will bear a significant negative charge so that the total change in charge brought about by covalent modification will be the sum of that added by the deposition of the charged group and the pH-dependent component that is eliminated by the formation of the mixed disulfide bond. In contrast, if the pH is acidic with respect to the in situ pKa, then the total change in charge will approach that associated with the deposited group. Shown in Fig. 13 are the results of an experiment in which the effects of MTSET and MTSES on the conductance of oocytes expressing R334C CFTR were compared at a bath pH of 6.0 (solid bar) and pH 9.0 (open bar). The change in conductance seen with MTSET was greater at pH 9, as expected if the formation of the mixed disulfide bond eliminated the charge on the S at position 334. Likewise, the change seen with MTSES was reduced at alkaline pH, presumably because the covalent addition of negative charge was partially compensated by the elimination of the negative charge on the S. The hatched bars compare the observed difference in the effect of labeling at pH 6.0 and pH 9.0 with that predicted on the basis of the empirically determined pKa value of 8.17. The similarity of these values provides support for the proposition that the effects of bath pH changes and covalent labeling were both attributable to the SH group at position 334. Figure 13 . Functional effect of covalent modification of R334C CFTR was dependent on the bath pH. Shown is the percent change in oocyte conductance due to covalent modification at either pH 9.0 or pH 6, as described in results. Also shown is a comparison of the measured pHdependent difference in the effects of MTSET and MTSES compared with that predicted on the basis of a pKa for the cysteine of 8.17 and the assumption that conductance was a linear function of the charge at this locus (see Fig. 18 B) .
The effect of bath pH on the functional impact of covalent charge deposition at position 334, along with the effects of pH titration, per se, strongly suggested that charge changes could be affected by the addition of neutral moieties if the bath pH was such that the modification eliminated net negative charge on the cysteine. Shown in Fig. 14 are the results of modifying R334C CFTR with two "neutral" reagents, NEM and MTSHE. It can be seen that, in the presence of a bath pH of 9.0, exposure to NEM increased conductance, as expected if a negative charge at the site was eliminated. In contrast, at an acidic pH, NEM was without effect although it blocked covalent modification by MTSET (unpublished data). The conductance of oocytes expressing R334Q CFTR was independent of pH and was not greatly altered by NEM. Exposure of oocytes expressing R334C CFTR to MTSHE at acidic pH produced an effect reminiscent of MTSES, a conductance decrease, as if negative charge had been added. The effect was diminished at pH 9, as expected if, as with MTSES, there was a partial cancellation of charge added and charge eliminated due to labeling. This response may be attributable to the dipolar character of the terminal hydroxyl group of MTSHE or could reflect some other effect of this modification on the conformation of the protein. Exposure of oocytes expressing R334Q CFTR to MTSHE produced only small changes in conductance.
pH Titration of R334H CFTR Altered Conductance and the Shape of the I-V Relation
It was of interest to compare the response to changes in bath pH of R334C CFTR with that of R334H CFTR. The side chain of histidine is expected to bear a time-average, partial positive charge, the magnitude of which will depend on the local pH and the pKa of the imidazole group in situ. An I-V plot from a representative experiment in which the pH of the solution bathing an oocyte expressing R334H CFTR was acidified from 7.4 to 6.02 and then 4.80 is shown in Fig. 15 A. Acidification of the bath from pH 7.4 to 6.02 led to an immediate increase in conductance and slight reduction in the inward rectification. Further acidification to pH 4.80 led to an additional increase in conductance and a nearly linear current-voltage relation without shifting the reversal potential. The apparent pKa for the conductance change was 5.68 Ϯ 0.08 (n ϭ 4; Fig. 15 B) .
Stepwise acidification of the bath led to stepwise increases in the conductance of oocytes expressing R334C or R334H CFTR and corresponding, stepwise increases in the rectification ratio, whereas similar pH changes resulted in only modest changes in the conductance of oocytes expressing wt CFTR. For example, a 3-min exposure of wt CFTR to pH 4.86 caused a 6% reduction in conductance and a 5% reduction in outward rectification. After 20 min, conductance had decreased by a total of 11%, but there was no further change in rectification. The observed changes seen with wt CFTR were opposite of those seen with oocytes expressing R334C or R334H CFTR, suggesting that the pH induced changes due to protonation of R334C or R334H were, if anything, slightly underestimated.
The distinct pKa's of the R334C and R334H variants favor the notion that these pH-dependent effects are due to titration of the side chain at position 334, as opposed to a mutation-induced exposure of a titratable site at another locus (Coulter et al., 1995) . The appar- Figure 14 . Modification of R334C CFTR with neutral reagents caused pH-dependent changes in conductance. (A) Change in conductance of oocytes expressing R334C CFTR when modified with either NEM or MTSHE at either pH 9.0 or pH 6. NEM behaved as expected for a neutral reagent whereas MTSHE, which is expected to be polar but uncharged, did not. (B) The results of similar experiments conducted using constructs in which the arginine at position 334 was replaced by a nonreactive amino acid (glutamine). ent pKa's agreed well with the values for the thiol group of cysteine (pKa 8.5) or the imidazole of histidine (pKa 6.5) in solution (Stryer, 1988, p. 21) . The fact that both values were more acidic than those seen in solution might reflect the proximity of the positively charged lysine at position 335. Fig. 16 contains the results of experiments in which we compared the effects of point mutations on the shape of the macroscopic I-V relation. The rectification ratio is plotted as function of the charge at the R334 and K335 loci for variants in which the charge should be unchanged (K or R), fully or partially neutralized (Q, C, H, or A), or converted from positive to negative (E or D). The general trend among the panel of substitutions was consistent with the observations derived from chemical modification and pH titration. As the charge status at these loci varied from positive to negative, there was a shift in I-V shape from outward to inward rectification. However, for two mutants, R334H and K335A, the RR value clearly deviated significantly from that predicted by the general trend. It seems likely, particularly in view of the sensitivity of channel gating to amino acid substitution (Mansoura et al., 1998) , that all of these amino acid changes altered channel structure, and it may be that the changes effected by the H and A substitutions differed significantly from the others in this group. Mutants might, for example, exhibit differential sensitivity to block by intracellular anions (Overholt et al., 1993 (Overholt et al., , 1995 Linsdell and Hanrahan, 1996) .
Amino Acid Substitutions for R334 and K335 Tended to Alter the Shape of the Macroscopic I-V Relation in a Charge-specific Fashion
The Effects of Charge Deposition at Position 334 Were Consistent with the Predictions of Charged-vestibule Models for the Anion Conduction Path
The results of covalent modification and pH titration of R334C and R334H CFTR, as well as the functional impact of amino acid substitutions at this site, pointed to an important role for the charge at position 334 in determining the conduction properties of CFTR. Our analysis of the functional role of charges at this position was guided by several experimental results. First, charge changes at this locus produced correlated changes in macroscopic conductance and I-V shape. Second, single-channel recordings, although they were of necessity conducted under conditions that were very different from those used for the macroscopic measurements, revealed that positive charge addition increased single-channel conductance. Finally, P o of single R334 CFTR channels was not altered by covalent modification nor was the increment in macroscopic conductance brought about by modification highly dependent on the activation state of the channel. To investigate the hypothesis that the coordinated changes in conductance and I-V shape seen with covalent modification of R334C CFTR could be attributed to a charge-induced change in the conduction properties of CFTR, we explored the predictions of a charged-vestibule model similar to that used by Lu and MacKinnon (1994) to analyze the electrostatic effects of pH titration of an engineered histidine in a K ϩ channel. We modeled the channel as a narrow pore with wider, but shallower, vestibules at either end. Because the structure of CFTR is unknown, it was not possible to attach any physical dimensions to the vestibules so we envisioned them as comprising near equilibrium, buffer zones connecting the bulk solution and the rate-limiting region of the pore. The Cl concentration in each vestibule was related to that in the adjacent aqueous bath or cytoplasm by the Boltzmann equation (Eq. 2), i.e., and [Cl] c represent, respectively, the chloride concentrations in the outer vestibule, the external bath, the inner vestibule, and the cell interior; and ⌿ o and ⌿ i , are the electrical potentials of the outer and inner vestibules measured with respect to the external bath and the cell interior, respectively. The vestibules were assumed to exhibit zero resistance to anion flow and each was characterized by a single, average electrical potential.
We compared two approaches to depicting the movement of chloride through the narrow region of the pore, a continuum model based on the Goldman equation (Goldman, 1943 ) and a rate-theory model like those previously used by Overholt et al. (1993 Overholt et al. ( , 1995 and Linsdell et al. (1997) to model CFTR. The former has the advantage of simplicity, but fails to account explicitly for anion binding within the pore. The latter in- Figure 16 . The shape of the I-V relation was correlated with the charge status of the amino acid substituted at positions 334 and 335. (A) RR, determined as described in materials and methods, is plotted as a function of the net charge of the amino acid at position 334 at pH 7.4 where glutamic acid (E) is assigned a value of Ϫ1, cysteine (C) is assigned a value of Ϫ0.12 based on the apparent pKa of 8.17 for R334C CFTR, histidine (H), alanine (A), and glutamine (Q) are neutral, and lysine (K) and arginine (R) are assigned a value of ϩ1. (B) RR is plotted as a function of the net charge of the amino acid at position 335 where glutamic acid (E) and aspartic acid (D) were assigned a value of Ϫ1, alanine (A) was treated as neutral, cysteine (C) was also treated as neutral because K335C CFTR exhibited a smaller pH responses and its apparent pKa was not determined, and lysine (K) and arginine (R) were assigned a value of ϩ1. The charge status of H and C is dependent on the bath pH so the assignment of a neutral value in a bath pH of 7.4 introduces a slight error. Solid lines are least-squares fits and dashed lines are 95% confidence limits.
cludes energy wells that represent binding sites for anions, but has the disadvantage of requiring a large number of adjustable parameters. We found that the effects of charge changes at position 334 could be simulated using either model, but that the estimated changes in vestibule potential due to charge changes was highly model-dependent. Representative examples of the results of both approaches are shown in Fig. 17 .
Combining the Goldman equation with the equilibrium boundary conditions (see appendix) yields, for the chloride current, I Cl : where V m is the measured transmembrane potential, and P Cl is the chloride permeability of the narrow region of the pore.
An examination of Eq. 3 reveals that within the continuum model there are potentially five variables that might be adjusted to optimize the fit to the macroscopic I-V data: the chloride permeability (P Cl ), the potentials of the outer and inner vestibules (⌿ o and ⌿ i ), and bath and intracellular chloride concentrations ([Cl] b and [Cl] c ). Fits to I-V plots from representative experiments in which charge changes were accomplished by covalent labeling or pH titration were generated by starting with the most unbiased fit in which all parameters except the bath and intracellular chloride concentration were permitted to vary, and then exploring the effect of constraining one or more of the remaining parameters (in the course of such comparisons it was found that in all cases the intracellular concentration of chloride was set by the best fit to 34 mM so that this value was fixed and used for all subsequent computations).
The I-V shape characteristic of unmodified R334C CFTR at pH 7.4 was simulated by adjusting the values of ⌿ i and ⌿ o , but these values must be viewed as arbitrary for at least two reasons. First, the lack of structural information about CFTR and the simplicity of the model preclude a comprehensive analysis of all of the factors that might be expected to influence the absolute value of the vestibule potentials. Second, the calculated values are not independent of the initial choice for the value for permeability used to initiate the fitting process. We chose the initial value for P Cl based on an estimate of permeability derived from a simple electrodiffusion analysis of the conductance measured at E rev . For example, a conductance (@E rev ) of 100 S was equated with a permeability of 4.09 ϫ 10 Ϫ7 cm 3 /s using the rela- (Dawson, 1996) . Based on the initial best fit to the data for unmodified R334C CFTR, P Cl was fixed at 3.4 ϫ 10 Ϫ7 cm 3 /s, and the premodification values of ⌿ i and ⌿ o were set at ϩ33 mV and Ϫ9 mV, respectively. When these parameters were used to fit the data for covalently modified R334C CFTR, the effect of MTSET (P Cl , ⌿ i fixed) was attributed to a 24-mV increase in ⌿ o and that of MTSES to a 39 mV reduction of ⌿ o (Fig. 17 A) . We explored a variety of ways of simulating the macroscopic I-V plots in which values for P Cl , ⌿ o , and ⌿ i and were fixed or held constant in various combinations. The changes in the I-V plots induced by covalent modification could only be fit if ⌿ o was permitted to vary. For example Fig. 17 B shows the results obtained if P Cl and ⌿ o were held constant and only ⌿ i was permitted to vary. In addition, using different starting values for P Cl , ⌿ i , and ⌿ o yielded similar values for the change in ⌿ o induced by MTSET or MTSES (unpublished data). Titration of R334C and R334H CFTR by varying bath pH was also well described by a continuum model in which the changes in conductance and I-V shape were largely attributed to changes in ⌿ o (unpublished data).
Anion binding might be expected to attenuate the effects of increased chloride concentration in the outer vestibule on pore conductance if the rate of anionic flux were approaching saturation. To determine if saturation of anion flow rate might impact the conductance of R334C CFTR we compared the effects on oocyte conductance of raising the Cl concentration in the external bath. The inset to Fig. 17 summarizes the results of several experiments in which bath Cl was raised in steps from 105 to 350 mM. In each case, after steadystate activation had been achieved, the oocyte was exposed to an increased salt concentration for ‫1ف‬ min and returned to the 105 mM bath. The maximum change in the background conductance evoked in noninjected oocytes by the same maneuvers was, at most, 3% of that seen in CFTR expressing oocytes and was ignored in this analysis. In oocytes expressing wt CFTR, the maximum conductance increase averaged ‫%52ف‬ and the points could be fit by a rectangular hyperbola having an apparent K 1/2 of 45 mM. In contrast, the maximum increase in conductance in oocytes expressing R334C CFTR (unmodified) was ‫%07ف‬ at 350 mM and consistent with an apparent K 1/2 of 147 mM, in accord with the notion that Cl binds in the pore of the R334C CFTR, but with lower affinity than that seen with wt CFTR. We refer to the K 1/2 values as "apparent" in as much as they were measured by raising Cl concentration on the outside solution only, and because we cannot distinguish concentration-dependent changes in anion binding from possible effects of ionic strength due to charge screening (Green and Andersen, 1991) . Fig. 17 (C and D) contains the results of interpreting the results of charge-change experiments using rate-theory models in which the binding of anions within the pore was simulated by placing energy wells within the conduction path. We used a 4-barrier, 3-well model for the pore as this configuration had been used previously by Linsdell et al. (1997) to simulate anion binding in CFTR. Initially, values of ⌿ o and ⌿ i were set to zero, the relative heights (see Fig. 17 legend) of equally spaced barriers and wells (without ionic repulsion) were chosen to reproduce the inward rectifying shape of the I-V curve for unmodified R334C CFTR. The barrier heights were scaled to achieve a single-channel conductance of ‫5.0ف‬ pS, and the macroscopic current was scaled according to the measured current at V m ϭ 0. Single-channel conductance in the presence of symmetric high salt was 1.2 pS (Fig. 10) , so we used 0.5 pS as an estimate for the conditions pertaining to the two-electrode measurements. We used two sets of energy values: one chosen to simulate a "low affinity" channel (K 1/2 ϭ 115 mM) like R334C CFTR; and the other chosen to simulate a "high affinity" channel (K 1/2 ϭ 38 mM) like wt CFTR. The values were chosen so that the "affinity" of the channel for Cl would be, if anything, somewhat higher than that observed (Fig. 17, inset) and, therefore, likely to highlight the impact of anion binding. It can be seen that the effects of modification by MTSET or MTSES could be simulated using either energy profile, with identical values for ⌿ o . Simulating the effect of positive charge addition required an increase in ⌿ o of ϩ50 mV, whereas negative charge addition was simulated by a negative potential of Ϫ10 mV. This asymmetry is consistent with the fact that within the rate-theory formalism, the addition of a negative surface charge not only reduces the vestibule concentration of Cl, but also creates a component of the intramembrane electric field that will tend to destabilize anion binding (reduced well depth), whereas the addition of positive charge, although it increases local Cl concentration, also adds an electric field component that tends to stabilize anion binding by deepening the wells . Hence, the effects of modification by MTSET or MTSES could be simulated using either a continuum or a rate-theory approach, but the values of ⌿ o required by the rate-theory model differed significantly from those estimated from the diffusion model. Fig. 18 A summarizes the data from experiments in which charge changes were effected in R334C and R334H CFTR by means of chemical modification or pH titration. Plotted are values calculated for the percent change in conductance and RR from the unmodified state for MTSET and MTSES and percent change from the value seen at pH 7.4 for the pH titration experiments. It can be seen that there is a consistent correlation between changes in RR and conductance brought about by charge changes at position 334. Although we do not know the actual values of the vestibule potential, we can estimate the change in elementary charge associated with thiol modification or pH titration. Fig. 18 B is a plot of the fractional change in conductance versus the fractional change in elementary charge at residue 334. The points representing covalent modification of R334C by MTSET or MTSES were corrected for a small (14.5%) charge change predicted due to the protonation state of the cysteine at pH 7.4. Simulations (Fig.  17) suggest that a change in elementary charge from negative one to positive one is associated with a change in vestibule potential of the order of 20-60 mV, which are values within the range predicted by Dani (1986) to result from a single charge placed in a vestibule. The linear relation between the change in conductance and the change in elementary charge is consistent with a model in which the vestibule potential is an approximately linear function of vestibule charge, as suggested by Dani's Fig. 5 and the "capacitor approximation" for the double layer potential at low voltages (Dani, 1986) . The observed parallel change in g Cl and RR provides support for the hypothesis that charge changes at position 334 modulate Cl movement, at least in part, by altering the local electrostatic potential.
D I S C U S S I O N
Accessibility of Charged Sites in TM 6
The results presented here demonstrate a clear difference in the accessibility to impermeant MTS reagents of sites in TM6 that are normally occupied by charged residues. The outermost sites (based on an ideal helical representation of TM 6) that are normally occupied by R334 and K335 are readily accessible from the external bath, whereas the innermost sites, normally occupied by R347 and R352, are not. Even if we allow for the possibility of some modest accessibility of R352C, it is evident that the outer sites are highly reactive, whereas the inner sites are either not at all reactive or much less so. As indicated, this finding is at variance with published results. The source of the discrepancy is not immediately clear, but might be related to the fact that previous investigations generally relied on measurements of the Cl current at a fixed potential of Ϫ100 mV as a measure of efficacy rather than on the conductance as determined in the present study. The former parameter is more vulnerable to errors due to shift in reversal potential, the electrode potential, or simply a decline in the health of the oocyte. It must be understood that the negative finding could reflect, not only failure of the reagents to reach or react with the engineered cysteine, but also failure of the reaction to occur due to some conformational constraint. In addition, we cannot eliminate the possibility that a reaction occurred, but was without functional impact.
The results of control mutations, and the convergence of results obtained using covalent modification, pH titration, and amino acid substitution, all support the conclusion that the functional effects of these maneuvers can be localized to the sites where R334 and K335 reside in the wild type protein. This is an important point because in the course of our experiments (e.g., R352C CFTR) and those of others using cysteine accessibility or pH titration (Coulter et al., 1995; Akabas, 1998) , it has become apparent that structural changes can render sites "distant" from the mutation accessible or titratable. The evidence for a single site of action of thiol reagents and protons is particularly strong for R334C CFTR as we were able to demonstrate a pH-dependent modulation of functional effects of covalent modification.
The Charge Present at R334 Is a Critical Determinant of CFTR Function: Does this Charge Lie within the Pore?
The functional effects of altering the charge at residue 334 exhibited a consistent pattern. Experimental maneuvers that rendered the charge at the site more positive increased macroscopic conductance and also increased the rectification ratio, whereas maneuvers that increased negative charge at this site had the opposite effect. It was particularly striking that the effects of covalent addition of charged groups were similar to those seen with simply adding or removing protons. It was also apparent that even neutral reagents can alter local charge by eliminating the pH-dependent charge on the engineered cysteine. The relatively low single-channel conductance seen with R334C CFTR (even at elevated Cl concentrations) before modification with MTSET and in the patient mutation R3334W (Sheppard et al., 1993) is consistent with the hypothesis that R334 is an important determinant of pore conductance. The fact that modification with MTSET raised the single-channel conductance confirmed, in part, the prediction based on macroscopic conductance. However, differences in the experimental conditions made a detailed quantitative comparison of the two measurements impossible. It seems reasonable to conclude that the charge at this site is an important determinant of channel function, and although we speculate that R334 may lie in the pore (as discussed in the next section), it is important to note that covalent addition of a positively charged moiety to R334C CFTR (MTSET) did not rescue the wild-type phenotype. The single-channel conductance of 3.7 pS seen after MTSET modification of R334C was less than half of that seen with wt CFTR (8.6 pS) in the same experimental setting. Thus, the substitution of cysteine for the native arginine may have altered the structure of the protein in a way that was not corrected by simply replacing the positive charge. Three patient mutations at this site are listed in the Cystic Fibrosis Foundation Mutation database. One of these, R334W, was studied by Sheppard et al. (1993) who reported that single-channel currents were undetectable in patches detached from HeLa cells in symmetric Cl of ‫061ف‬ mM, which is consistent with the reduced conductance reported here for R334C CFTR.
A Charged-vestibule Model
The results presented here are consistent with the hypothesis that R334 (and perhaps K335) lies within the outer vestibule of the anion-conducting pore of the CFTR Cl channel. The essence of the charged vestibule model was well described by Green and Andersen (1991) who envisioned the general features of channel structure as an evolutionary solution to the limitation on conduction rate that is imposed by diffusion. They reviewed theoretical and experimental results, all of which suggest that rapid ion translocation across the thickness of a biological membrane is only possible if the "narrow" region of the pore, presumably responsible for selectivity and binding, is flanked by vestibules designed not only to increase the "capture radius" at the channel mouth, but also to concentrate permeant ions by electrostatic means. The results presented here are consistent with a scheme in which R334 is placed within the outer vestibule of the CFTR Cl channel where its charge acts to promote the accumulation of Cl and thereby to create "a conditioned environment" adjacent to the rate-limiting section of the pore (Dani, 1986) .
The charged-vestibule model provides a relatively straightforward explanation for a consistent finding in these experiments, namely that charge changes at position 334 produced highly correlated changes in conductance and I-V shape, such that increasing positivity increased anion conductance and altered shape from inwardly rectifying toward linearity. The charged-vestibule model attributes both the change in conductance and the change in I-V shape to the increase in the timeaverage concentration of the permeant anion in the vestibule, adjacent to the rate-limiting segment of the pore. Conductance, determined around E rev , is increased because the time-average occupancy of this pore region by anions is increased. The change in I-V shape results because increased local external concentration of Cl favors outward current (inward anion flow) as V m becomes positive with respect to E rev . Identical changes in conductance and rectification are predicted to result from simply raising the concentration of the permeant anion in the external bath, as long as the increase in ionic strength does not alter the vestibule potential. An increase in bath concentration imposed across an ion-selective channel creates an additional component of the electric field within the membrane that is sensed as a change in the reversal potential. In contrast, turning on a charge in the vestibule creates a local potential near the outer surface of the membrane that obligates an increase in vestibule anion concentration and also creates an additional component of the intramembrane field. In the near-equilibrium situation, these effects cancel so that there is no change in reversal potential.
We cannot exclude the possibility that charge changes at position 334 can influence the properties of the channel in ways that are not captured in the chargedvestibule model. Although single-channel conductance is clearly modified by covalent charge changes, there may be changes in channel gating and in the properties of the permeation path that were not discerned here. For example, charge-dependent changes in voltage-dependent block of CFTR by some intracellular constituent could, in principle, contribute to changes in I-V shape. Overholt et al. (1993 Overholt et al. ( , 1995 and Linsdell et al. (1997; see also Linsdell and Hanrahan, 1996) reported that exposure of the cytoplasmic side of detached patches to gluconate and glutamate produced voltage-dependent block of CFTR and an outwardly rectifying I-V relation. If we assume that the outward rectification seen with wt CFTR is due in part to block of Cl efflux by intracellular anions, then the inward rectification seen with R334C CFTR could be attributed, in part, to a reduction in this blocking effect in the mutant channel. In fact, such changes are predicted by rate-theory simulations (see results) and are due to the effect of the charge-dependent change in the intra-membrane field on well depth (see results). The changes in I-V shape brought about by charge changes at R334 would in this scheme be attributed to a partial restoration of block (MTSET, acidic pH) or a further reduction of block (MTSES, basic pH). We cannot exclude some contribution of changes in voltagedependent block to the results presented here, but this mechanism cannot be the sole basis for the chargeinduced effects on anion conduction in as much as MTSET, for example, reduced inward rectification, but also substantially increased conductance.
Implications for Pore Structure and Electrostatics
It must be emphasized that the absence of a structure for the pore domain precludes any conclusions about the actual value of o , which is the total average potential that we assign to the outer vestibule. In other words, positive charges at positions 334 and 335 may make the vestibule potential positive with respect to the extracellular solution or they may simply act to wholly or partially overcome a negative potential produced by other charged or polar entities that make up the outer vestibule. It was also clear that estimates for the changes in ⌿ o brought about by covalent modification were dependent on the assumptions used to model the conduction path. In any case the charges at these positions appear likely to be important determinants of the conductance of the CFTR pore.
The phenotype that we have used here to tentatively assign R334 to the pore of CFTR has a counterpart in cation-selective channels. Pascual et al. (1995) studied the effects of externally applied MTS reagents on Kv2.1 channels and noted a charge-dependent effect on cation conduction, but reported dramatically different effects of covalent labeling of cysteines substituted for adjacent residues, I379 and Y380. The conductance of oocytes expressing the I379C construct was reduced by MTS reagents (MTSET, MTSEA, and MTSES) regardless of charge, whereas the effects of the same reagents on oocytes expressing the Y380C construct were distinctly charge-dependent. The anionic reagent (MT-SES) increased the macroscopic conductance of oocytes expressing Y380C and altered the shape of the I-V plot from outwardly rectifying to nearly linear, whereas cationic reagents (MTSET and MTSEA) reduced the conductance and enhanced the rectification, exactly as predicted for a residue that resides near the mouth of a cation-selective pore. Single-channel records disclosed that MTS reagents altered the unitary conductance of Y380C channels as would be predicted from macroscopic records, but did not affect channel gating. It is now possible to suggest an explanation for the differences in the behavior of these two adjacent residues based on the crystal structure subsequently determined for the bacterial channel, Kcsa (Doyle et al., 1998) . The structure shows the Kcsa residue most likely analogous to Y380 of Kv2.1 (Y82) protruding directly into the mouth of the pore where a charge would be likely to influence the concentration of K immediately adjacent to the signature GYG sequence that forms the selectivity filter of the channel. The adjacent residue (L81), which is analogous to I379 of Kv2.1, is predicted by the structure to be oriented away from the mouth of the pore. Yang et al. (1995) studied the oxidation of I379C in Kv2.1 by H 2 O 2 . They found that treatment reduced the probability of opening of Kv2.1 channels, but did not alter the unitary currents. In addition, it was possible to form a disulfide linkage between a cysteine located at position 379 and an endogenous cysteine in a neighboring transmembrane segment at position 394. Taken together, these results suggest that this residue, although it adjacent to Y380, plays a very different role in the structure and function of the protein. A residue analogous to Y380 in Kv2.1 has also been studied in the Shaker K channel and modification produced dramatic effects on C-type inactivation that were not highly charge dependent. Thus, modification of a single residue could easily lead to significant effects on both conduction and gating. Amino substitutions in the acetylcholine receptor channel altered cation conductance in a charge-dependent fashion (Imoto et al., 1988) , but Kienker et al. (1994) concluded that the impact of charge substitutions on channel function could not be reconciled with a simple, surface charge model. Thus, we would propose that charge-dependent effects such as those reported here may be a useful first approach to defining the conduction path of the CFTR, but that in the absence of structural information any such analysis must be applied with caution.
A P P E N D I X
A Charged Vestibule Pore Continuum Model
The anion conduction pathway is envisioned as a narrow pore flanked by two wide and relatively shallow vestibules, such that the resistance to anion conduction resides solely in the narrow pore (Fig. 19) .
Each vestibule is assumed to contain net charge, shown here as positive. The flow of chloride through the narrow pore was modeled using the Nernst-Planck equation with the assumption of a constant electric field (Goldman, 1943) : (A1) where I Cl is the Cl current, P Cl is the Cl permeability, V is the transmembrane potential, [Cl] o is the Cl concentration in the outer vestibule, [Cl] i is the Cl concentration in the inner vestibule, and F, R and T have their usual meaning.
The concentration of Cl within the outer vestibule of the channel, [Cl] o , is assumed to be in equilibrium with that in the bath, [Cl] where ⌿ i is the electrical potential of the inner vestibule with respect to that of the cell interior and [Cl] c is the cytoplasmic Cl concentration. In describing these equilibria, we assumed that the standard chemical potential for chloride is identical in the bath, the cell interior and in the inner and outer vestibules. This is equivalent to the assumption that the vestibule is sufficiently large that chloride is solvated essentially as it would be in aqueous solution, and that the reduced dielectric constant estimated by Smith et al. (1999) pertains to the narrow pore region of the pore and its influence is lumped into the value of P Cl .
Substituting Eqs. A3 and A4 into Eq. A1, yields:
where ⌿ i is the total potential within the internal vestibule, ⌿ o is the total potential within the external vestibule and [Cl] b and [Cl] c are the bath and cytoplasmic Cl concentrations, respectively. Examination of the term in brackets in Eq. A5 reveals that the reversal potential is independent of ⌿ i and ⌿ o . This is a result of approximating the distribution of anions between the vestibules and the solutions that bath them as an equilibrium. Regardless of the values of the vestibule potentials, the interfaces remain at equilibrium so that the reversal potential is constant. This assumption, common in channel models (Dani, 1986; Lu and MacKinnon, 1994; , assigns the "rate-limiting step" in anion translocation to a narrow, interior region of the pore.
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